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Abstract
Breakup of flocs (aggregates of colloidal particles) in converging flows is encountered in many industrial processes such as filtration, pipetting for sampling of flocs, and mechanical dispersion. The experiment of breakup of flocs by a converging flow opens the possibility to obtain the strength of floc against breakup. The quantity is crucial for controlling flocculator in water treatments and predicting transport of colloidal particles in aqueous environments. Therefore, the mechanism of disaggregation of flocs subjected to a converging flow is emerging as an interesting theme from engineering and scientific points of view. Recently, Blaser evaluated the hydrodynamic disrupting force on a floc in an axisymmetrical straining flow. In the present study, to confirm the validity of the ellipsoidal model proposed by Blaser and to obtain the strength of latex flocs in a simple electrolyte solution, polystyrene sulfate latex flocs formed in a simple KCl solution were disrupted by a converging flow of the solution. Experimental data of relationships between floc size and volumetric flow rate were analyzed by assuming flocs hydrodynamically behave like solid ellipsoids to evaluate strength of flocs. The obtained floc strength was 2 nN in average and did not depend on floc size. When the values of floc strength of this study were compared with those of previous researches, they were found to be 1-2 orders smaller than strengths of flocs formed by the addition of polymer flocculants and/or precipitated ferric or aluminum hydroxide coagulants evaluated by similar methods. This result is reasonable because flocculants and coagulants are usually used to increase floc strength in water and wastewater treatments. The value of obtained floc strength was also comparable to the pull-off force between latex particles in water by means of colloid probe atomic force microscopy (AFM) by Hodges et al.. However, the obtained floc strength was 1-2 orders of magnitude smaller than the pull-off force between latex particles as found with Colloid Probe AFM by Li et al. 
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1. Introduction
 For many industrial processes, it is important to minimize the effects of breakup of flocs (aggregates of colloidal particles) in converging flows encountered in filtration and pipetting for sampling flocs [1]. In some cases, however, mechanical dispersion of particles is favored, for example, in food processing or ceramic manufacture [2]. Furthermore, there is a possibility to utilize the experiment of breakup of flocs subjected to a laminar converging flow. Due to its simplicity of the experiment, the strength against floc breakup can be obtained. This quantity is crucial for controlling flocculation in water treatment [3-5] and predicting transport of contaminants with colloidal particles in aqueous environments [6-7]. Therefore, to clarify the mechanism of disaggregation of flocs subjected to a converging flow has been an interesting theme from an engineering and scientific point of view. 
When a hydrodynamic force exerted on a floc, Fhyd, exceeds the floc strength, Ffloc, 
 							(1)
the floc is disrupted. The strength of flocs are reflected in the maximum floc size, for which Fhyd = Ffloc, in a flow [3-4, 8-9]. Floc strength is recognized to depend the cohesive force between primary particles composing a floc and the structure of the floc [3-5, 8-10]. Yeung and Pelton [11] directly measured floc strengths from the distortion of two micropipettes rupturing a floc. From the measurement, they found that floc strengths do not depend on floc size. Kobayashi et al [8-9] broke up polystyrene latex flocs coagulated in a sufficiently high concentration of simple electrolyte solution in a turbulent flow and obtained relationships between the average number of primary particles composing a broken floc and local turbulent shear stress. They also derived the model of floc breakup in flows. This model assumes that floc strength can be expressed by a few points of contacts, where the cohesive force between primary particles is given by the London-van der Waals force, irrespective of floc size and the hydrodynamic disrupting force on flocs is proportional to the square of floc size. On the basis of the model, they demonstrated that the differences in relationships between mass of disrupted flocs and local turbulent shear stress for each particle size could be normalized by the primary particle size and maximum floc size is proportional to the – 0.5 power of shear stress of flow.
Sonntag and Russel [12], Higashitani et al [13], and Blaser [14] performed theoretical and experimental studies on breakup of latex flocs subjected to a contraction flow. Sonntag and Russel and Higashitani et al obtained the size of broken flocs as a function of extensional rates of converging flows. Also, Higashitani et al and Blaser conducted the direct observation of breakup and deformation of flocs formed with polymeric and/or precipitated coagulants. They found that flocs were disrupted at close vicinity of inlet of the orifice, because of the extremely high elongation rate. Blaser gave the following equation of maximum elongation rate, Ac,max, acting on a floc moving along the centerline of converging flow  with a volumetric flow rate of Q into an orifice with a radius of R. 
						(2)
Sonntag and Russel solved numerically the entire flow field around an orifice. They claimed that the hydrodynamic rupturing force on flocs moving along the streamline near the wall is about ten times as high when compared to this quantity determined along the centerline, and the flow along the centerline is regarded as an axisymmetrical straining flow. From these results, one can deduce that the maximum floc size subjected flow through an orifice is determined by the highest elongation rate at the vicinity of the orifice of the flow along the centerline (Eq. (1)), because it is the weakest among streamlines from center to wall.
Direct observations of breakup and deformation of flocs by Higashitani et al [13] and Blaser [14] demonstrated that flocs aggregated with the aid of polymeric flocculants and/or precipitated coagulants were elongated when the flocs were subjected to the flow into an orifice. Sonntag and Russel [12] disrupted latex flocs coagulated with a 0.4 M NaCl solution by a converging flow. They found that the average gyration radius of broken flocs did not change with elongation rate at higher elongation rates although the average number of particles composing a floc decreased with increasing elongation rate. Based on this fact, Sonntag and Russel deduced that flocs, even when coagulated with a simple electrolyte solution, have elongated shape when flocs subject to a flow through an orifice.
In the case of elongated flocs, the hydrodynamic disaggregating force exerted on flocs is not simply proportional to the square of floc length. Blaser [14-15] evaluated the hydrodynamic force on flocs and analyzed the motion of flocs in laminar flow fields by assuming that flocs behave as solid ellipsoids. He compared the evaluated results with observed motion of flocs and concluded that the motion of flocs can be understood as that of solid ellipsoids. He calculated the hydrodynamic force of fluid with a viscosity of  exerted on ellipsoids with a surface area, S, and derived the following expression
						(3)
for the hydrodynamic rupture force in an axisymmetric straining flow with a elongation rate, A [16]. In Eq. (3), Chyd denotes constant depending on the shape of flocs. Also, Blaser further analyzed the hydrodynamic rupturing force on latex flocs coagulated with precipitated ferric hydroxide. However, he did not compare his results with floc strength obtained by other methods.
In the present study, the validity of ellipsoidal model will be confirmed and the strength of latex flocs in a simple electrolyte solution will be obtained. Flocs formed by the coagulation of polystyrene sulfate latex spheres in a simple KCl solution were disrupted by a converging flow of the solution being sucked into a capillary. Experimentally obtained relationships between floc size and volumetric flow rate, which has linear relationship with the elongation rate of flow, were analyzed by assuming that flocs behave hydrodynamically as solid axisymmetrical elongated ellipsoids. Obtained floc strength was 2 nN in average and did not depend on floc size. The values of floc strength of this study were also compared with those of previous studies [11, 13-14, 17-18]. 

2. Experimental
 Experiments were performed to obtain the relationship between broken floc size and volumetric flow rate, namely, the elongation rate of converging flow disrupting flocs. 

2.1. Materials and floc formation
 Surfactant free monodisperese polystyrene sulfate latex (PSL) spheres with a diameter of 2.8 m, purchased from Interfacial Dynamics Corporation, were used as colloidal particles. Flocs were formed by the coagulation initiated by mixing a certain volume of PSL dispersion, whose number concentration of particles was 1.2107 cm-3, with the same volume of 2.48 M KCl solution in a sample bottle. Resulting 1.24 M KCl solution was in the rapid coagulation regime and made the density difference between particles and medium negligible. Flocs were fully coagulated by keeping the bottle left over five days.
 All KCl solutions and distilled waters were filtered through a Millipore membrane filter with a mesh size of 0.22 m prior use.

2.2. Converging flow generation
 Fig. 1 schematically illustrates an experimental setup used in this study. A silicon stopper, in which a capillary tube with an inner diameter of 0.89 mm was inserted, was connected to one side of the larger tube with an inner diameter of 2.5 cm and a length of 22.5 cm. A certain volume of 1.24 M KCl solution was poured into the larger tube. Then, sucking the solution from the larger tube into a capillary with a syringe pump through a silicon tubing generated a converging flow at the vicinity of entrance of the capillary. The pump controls volumetric flow rate. Five volumetric flow rates, 0.14, 0.36, 0.71, 1.4, and 2.5 mL/s were applied in this experiment. Corresponding Reynolds numbers of flows in the capillary were 240, 610, 1200, 2300, and 4200. At higher flow rates, Reynolds number was above the critical Reynolds number. Direct observation of flocs moving along the flow into capillary did not show any turbulence. Thus, laminar flows are assumed in the present analysis.

2.3. Procedure
 Coagulated flocs were transferred into the converging flow device by inserting one side of a glass tube with an inner diameter of 1 cm in the suspension containing coagulated flocs. Flocs were trapped in the suspension by capping another side of the tube with a finger, and gently pouring the suspension in 1.24 M KCl solution in the larger tube of the flow device. After the suspension was gently mixed to homogenize flocs in the flow device, flocs were broken up by the converging flow into the capillary generated with the syringe pump at a prescribed flow rate. Suspension containing disaggregated flocs in the silicon tube was transferred in the O-ring with a depth of 3 mm connected to a glass slide by slowly pushing the syringe with the pump. The suspension in the O-ring was covered with a thin slide glass and put on the stage of a digital microscope for capturing digital images of flocs. Lengths of major and minor axes of the best-fit ellipse (dmaj, dmin) corresponding to each floc were measured from the captured images by using the software Scion Image. Experiments were conducted five times at room temperature (23-26 °C). Thus, the viscosity of KCl solution at 25 °C is used in the following analysis.

4. Results and Discussion
In Fig. 2, maximum and mean values of dmaj are plotted against flow rates, Q. This figure indicates that flocs size decreased with increasing flow rate Q as a result of floc breakup. The data are not further discussed in this paper because values of dmaj do not necessarily reflect floc strength.
Floc strengths were obtained by assuming the flocs to be elongated axisymmetric ellipsoids. Surface areas of best-fit ellipsoids corresponding to flocs, S, were calculated by substituting major and minor lengths (dmaj and dmin) of the fitted ellipses into the following equation  
 				(4)
with 2a=dmin,2c=dmaj [19]. Then, Chyd were obtained from the values listed in table 1 using the ratio of dmaj/dmin [16]. An example of the distribution of evaluated ChydS is shown in Fig. 3. From such figures, maximum values (ChydS)max were determined for each experiment. Finally, from Eqs. (1-3), floc strengths were evaluated from the following equation
. 					(5)
as described in the Introduction.
Evaluated floc strengths are plotted against maximum major lengths, dmaj,max, in Fig. 4. Experimental data from previous studies are also plotted in this graph. This includes direct rupturing of flocs with micropipettes [11], measurements of pull-off force between two particles with colloid probe AFM [17-18], and floc breakup by converging flow [13-14]. Details of these experimental conditions are described in Table 2.
Although there is scattering of data in Fig. 4, the values of floc strength of this study (2 nN in average) and the scattering are comparable to directly measured values of normal pull-off force between polystyrene particles using AFM by Hodges et al. [18]. In the case of floc breakup in flow fields, both normal and lateral forces may act on a contact between the primary particles.  However, it is still difficult to evaluate these forces for real flocs. On the other hand, AFM experiments [18] give us values of normal pull-off force between single particles as well as the fact that pull-off forces between single latex particles do not depend on their sizes. If these results can be applied for the result of the present study, one can deduce that the pull-off force between primary particles mainly determines strengths of latex flocs as previously proposed [8-10]. The floc strengths of this study are 1-2 orders of smaller than those of flocs grown with polymeric flocculants and/or precipitated coagulants (Al and Fe). This conclusion is reasonable because flocculants and coagulants are used to gain the strength of flocs in water and wastewater treatments. Values of pull-off force between latex particles by Li et al [17] were between 3.5-140 nN, lower values of which are close to the present results. On the whole, the values of Li et al [17] are higher than the present data and are rather close to values of strength of flocs with flocculants and coagulants [11, 13-14]. The reason of this inconsistency is still unclear at present, although Hodges [20] suggested that the surfaces of Li et al [17] were contaminated during sample preparation. 
Fig. 4 indicates that strengths of latex flocs do not change with their size as previously suggested [8, 11]. This trend was also confirmed for strengths of natural soil flocs obtained by using the same methods as in this study [21]. Experimental results by Blaser [14] imply that strengths of Fe-precipitated flocs increase with increasing size. His results do not necessarily give the relationship of size vs. strength, as he conjectured that his data represent lower bounds of floc strengths. 
One can conclude that present experiments of floc breakup and the analysis based on ellipsoid model are valid. The present method will be useful tool to obtain floc strength especially for complex flocs.

5. Conclusions
To confirm the validity of ellipsoidal model and to obtain the strength of latex flocs, flocs formed by the coagulation of polystyrene sulfate latex spheres in a simple KCl solution were disrupted by a converging flow. Experimental data were analyzed by assuming that the flocs behave like solid axisymmetrical elongated ellipsoids. Obtained floc strength was 2 nN in average and did not depend on floc size. The values of floc strength obtained by this study were in reasonable agreement with those of previous studies. The present method measuring floc strength will be useful to sdtudy complex flocs because of its simplicity.
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Table 2 Experimental conditions of breakup studies cited in Fig. 4.
Authors	Colloidal particles	Flocculantsor coagulants	Methods of floc breakup and representative floc size (X-axis in Fig 4)
This study	Polystyrene Latex spheres with a diameter of 2.8 m.	1.24 M KCl.	Converging flow.Maximum major length of best-fit ellipse.
Blaser[14]	Latex spheres (styrene/acrylate) with a diameter of 140 nm.	1.9 * 10-5 M FeCl36H2O (5 mg/L Fe) in mineral water (ionic strength of 0.01 M, pH 7).	Converging flow. Equivalent sphere area diameter of each floc.
Yeung & Pelton[11]	Precipitated calcium carbonate with an average diameter of 1.4 m.	A flocs: nonionic block copolymer (polyacrylamide backbone with pendant PEG chains) and copolymer of vinylphenol and sodium p-styrene sulfate.B flocs: a cationic copolymer of acrylamide and a bentonite clay.	Two micropipettes.Feret (perpendicular to pulling direction) diameter of each floc.
Higashitani et al[13]	Latex spheres (styrene/divinilbenzene) with a diameter of 90 m.	Glycerol solution of 80 g/m3 aluminum sulfate and 20g/m3 polyacrylamide.	Converging flow (breakup of doublets).Primary particle diameter (90 m).
Li et al[17]	Polystyrene Latex spheres with a diameter of 2 m.	0.0001 - 1 M KCl.	Colloid Probe AFM (pull-off force).Primary particle diameter (2 m).







Figure 1 Schematic illustration of experimental setup.
Figure 2 Broken floc size against volumetric flow rate of flow for 5 experiments. Each point corresponds to each experiment. Square and triangle denote maximum and mean floc sizes, respectively.
Figure 3 Cumulative distribution curve of ChydS, exp5, Q=2.5mL/s.
Figure 4 Floc strength or pull-off force against floc or particle size.
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